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Abstract

- Juliane Schuhmacher'2 . Stoyan Dimitrov>*>

Monitoring T cells is of major importance for the development of immunotherapies. Recent sophisticated assays can address
particular aspects of the anti-tumor T-cell repertoire or support very large-scale immune screening for biomarker discovery.
Robust methods for the routine assessment of the quantity and quality of antigen-specific T cells remain, however, essential.
This review discusses selected methods that are commonly used for T-cell monitoring and summarizes the advantages and
limitations of these assays. We also present a new functional assay, which specifically detects activated B, integrins within a
very short time following CD8* T-cell stimulation. Because of its unique and favorable characteristics, this assay could be

useful for implementation into our T-cell monitoring toolbox.
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The importance of T-cell monitoring

T cells are key actors in many cancer immunotherapy
approaches. With the increasing development of checkpoint
blockade antibodies, adoptive transfer therapies, and new-
generation cancer vaccines, the assessment of immune cell
subsets has become indispensable. Monitoring of patient
(T) cells delivers information on the mechanisms of action,
persistence of transferred effector cells, and possibly on
therapy resistance. In the context of vaccine development,
it establishes immunogenicity of antigens and efficacy of
adjuvants, and guides the choice of immune modulators and
therapy combinations. It has also the potential to reveal early
biomarkers of clinical efficacy [1].

Recent developments in genomics and in profiling of (sin-
gle cell) TCR clonotypes [2, 3] now allow browsing the full
T-cell repertoire from very few starting material. Coupled
to methods for enriching selected antigen-specificities, they
could soon deliver precious information on anti-tumor T-cell
response dynamics in cancer patients [4]. These sophisti-
cated, extremely high-throughput approaches are until now
reserved to a few expert teams and associated with specific
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challenges [5]. Hence, straightforward T-cell immunomoni-
toring methods that can be relatively easily implemented in
daily laboratory practice remain crucial tools for clinical
development.

In the following paragraphs, we discuss those aspects of
the most popular assays that we believe should be considered
as basics in the context of clinical T-cell immunomonitoring.
We also describe a new method that we have recently devel-
oped, and which relies on a so far unexploited early event
of T-cell activation, i.e., the conformational and valency
change of membrane-bound 3, integrins.

Common methods for assessing
antigen-specific T cells and their function

Antigen-specific T cells can be identified by phenotypic and/
or functional hallmarks. In most settings, functional assess-
ment requires an in vitro cell (e.g., whole blood or periph-
eral blood mononuclear cells, i.e., PBMCs) re-stimulation
phase in the presence of the relevant antigen(s) to be tested.
Read-out can be then performed by measuring the upregula-
tion of activation factors, the proliferation, the production of
cytokines, and cytotoxic attributes such as degranulation or
perforin/granzyme amounts.

For the monitoring of clinical studies, immune tests
should be robust, able to detect low-frequency T cells from
a limited amount of material, and amenable to a high num-
ber of samples. In addition, methods and instrumentation
need to be stable over longer periods of time, possibly years,
to allow a comparison of results obtained at various time
points during therapy/follow-up and from different patients
enrolled in the trial. A number of methods are available for
measuring T-cell antigen specificity and function. Since
there is no gold standard, they are employed according to
the specific need and local know-how of the different immu-
nomonitoring laboratories. The most widely used assays
are the Enzyme-Linked Immunospot (ELISpot) and the
flow cytometry-based methods that include peptide-MHC
(pMHC) multimer staining and intra-cellular cytokine stain-
ing (ICS). These tests deliver complementary information
on the quantity and quality of the T cells and should be
carefully chosen during the preparation phase of a study. The
main characteristics, advantages, and limitations of these
assays are discussed below and summarized in Table 1.

The ELISpot: simple but refined

The ELISpot method was first described more than
30 years ago [6]. It is a relatively high-throughput method
that can be used for measuring a variety of secreted fac-
tors, provided that two monoclonal antibodies recogniz-
ing different epitopes of the targeted molecule (soluble
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analyte) are available. Interferon-y (IFN-y) is mostly used
for assessing antigen-specific T cells, as this cytokine is
produced in substantial quantity by both activated CD4*
and CD8* T cells.

Briefly, suitable membrane-bottomed 96-well plates
are coated with a monoclonal antibody (mAb) recognizing
the analyte of interest, e.g., IFN-y. Cells are then added to
the well and stimulated with the antigen [in general, short
epitopes or long (>20 amino acids) overlapping peptides are
used]. After cell removal, a second biotinylated anti-IFN-y
mADb is added, followed by a streptavidin-coupled enzyme
(e.g., alkaline phosphatase or horseradish peroxidase). Each
activated and IFN-y-secreting cell will give a colored spot
after final incubation with a suitable precipitating substrate.
The exact number of spots can be counted with an ELISpot
reader and the frequency of antigen-specific cells calculated.
Size of the spots, which gives information on the quantity
and kinetics of cytokine production, is more rarely analyzed.
The ELISpot assay is of high sensitivity, specificity, and
accuracy due to the two antibodies recognizing different
epitopes of the same analyte and to the signal amplifica-
tion provided by the biotin—streptavidin interaction [7]. The
technique can reach a detection limit of approximately 4—7
spots per 100,000 PBMCs (0.004-0.007%) in experienced
laboratories [8, 9], whereas the upper limit of quantification
depends on the number of spots that can be discriminated by
the ELISpot reader (typically between 1000 and 1500 spots/
well). In most cases, cells are stimulated for 24—40 h, allow-
ing for detection of late cytokines [10]. The duration of the
stimulation is actually limited by the number of cells in the
wells and the medium consumption. Although measurement
of 2-3 parameters is possible, the assay is still mainly used
as a mono-parametric test. Overall, ELISpot is a robust and
sensitive method, but does not allow the identification of
cytokine-secreting cell populations unless these are purified
beforehand,; this is rarely done with limited patient material.

The ELISpot method has been widely discussed and
improved over the years, and very helpful guidelines and
protocols are available [7, 9, 11]. As it is the case for any
other assay including living cells, a number of parameters
such as the number of cells tested, the culture medium,
the antigen concentration and format, the background
reactivity, and the incubation times can affect the final
results. Many of these parameters have been identified by
international harmonization efforts [12—14]. The analy-
sis (i.e., the counting of spots with the ELISpot reader)
should also be thoroughly performed [15]. Hence, each
laboratory should establish and optimize the assay for its
own in-house conditions, define optimal quantification and
linearity ranges, and implement measures for controlling
performance between operators and over time.
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FCM: single-cell, multi-parametric, and versatile

Apart from the ELISpot, other popular methods used for
conventional T-cell monitoring are based on flow cytometry
(FCM). FCM is the prototype of a multi-parameter, single-
cell assessment method which allows the simultaneous
phenotypic and functional characterization of various cell
subsets contained in a cell mixture, for example PBMCs.

Automated single-cell flow analysis was first mentioned
in 1934 and further developed by Wallace Coulter in the
1950s. The first fluorescence-based commercial device, a
“pulse cytophotometer”, and cell sorters, became available
in the late 1960s. FCM has considerably improved since
then, with major developments in the technology itself, as
well as in the reagents and fluorochromes that are available.
FCM remains an indispensable state of the art technique in
basic research and in clinical development. Simultaneous
measurement of more than eight parameters is daily prac-
tice in many laboratories. Still, for rigorous and meaningful
testing, and especially if many parameters are combined, it
is absolutely essential to invest efforts in establishing and
optimizing antibody panels and in controlling cytometer per-
formance over time [16]. A number of specialized articles
and books have already been published by leading experts
in FCM [17-19] and specific tools are also available, such
as tutorials on the websites of academic institutions or anti-
body manufacturers. Similarly to the ELISpot assay, harmo-
nization initiatives have helped to increase performance and
comparability of the results obtained at different centers [14,
20-22]. Attention should be given not only to the experi-
ments themselves, but also to their analysis. Flow gating
strategies are not standardized and contribute substantially
to inter-laboratory variation [23, 24]. As FCM complexity
is steadily increasing, such efforts should be sustained in
the future.

Peptide-MHC multimer staining

The introduction of pMHC fluorescent multimers more than
20 years ago was a groundbreaking innovation which has
boosted many aspects of T-cell research, especially the char-
acterization of low-frequency antigen-specific T cells [25].
pMHC multimers bind to antigen-specific T cells due to the
interaction of pMHC complexes with TCRs. The affinity of
one pMHC molecule for its cognate TCR is generally low
and not sufficiently stable to stain antigen-specific cells. To
bypass this problem, pMHC monomers (produced by in vitro
refolding of biotinylated recombinant MHC chains in the
presence of the peptide of interest) can be multimerized by
taking advantage of the strong interaction between biotin and
streptavidin (described in [26]). Various formats of pMHC
multimers are available, from tetramers to more elaborate
constructs containing ten or more pMHC monomers [25,
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27]. Multimers are in principle very stable, but low affin-
ity peptides might dissociate over time. Degradation can be
prevented either by adding free peptide to the reagent, or by
freezing multimers in the presence of glycerol, which will
ensure stability of the reagents for at least 6 months [28].
pMHC class I tetramers can be produced in-house and are
by far the most common multimers used to stain CD8* T
cells. pMHC class II tetramers are more difficult to produce
and remain rarely used for assessment of antigen-specific
CD4* T cells.

The assay itself has a high specificity (<0.002% in our
hands for common virus-specific CD8" T cells) and a detec-
tion limit down to approx. 0.01% of CD8" T cells, allowing
the examination of rare cell populations [9, 29]. Optimiza-
tions, including combinatorial staining (usage of the same
tetramers labeled with two different fluorochromes), can
greatly improve the detection limit of the assay, increas-
ing the chance to detect (tumor) antigen-specific T cells in
ex vivo blood or PBMCs [30].

In combination with mAb that characterize T-cell subsets,
pMHC multimers are perfect reagents to identify antigen-
specific cells of interest in a cell sample, without functional
assessment. This can be an advantage, as all cells specific
for a certain antigen will be detected, irrespective of their
function. The problem with such “structural information”
is that the cells detected may be anergic or dysfunctional
and as such will probably not be efficient effectors. A well-
known example in the virology field is the accumulation
of Cytomegalovirus (CMV)-specific CD8" T cells in the
elderly; these cells can be detected by pMHC staining but
are essentially dysfunctional [31].

The intra-cellular cytokine assay

The ICS assay presents the advantage of delivering compre-
hensive information on the functional profile of the T-cell
subsets of interest [32]. Upregulation of early functional
markers can be detected, such as CD107a (degranulation,
essentially for CD8* CTLs) or CD154 (CD40L, preferen-
tially expressed on activated CD4* T cells and detected
intra-cellularly, unless a CD40 mAb is added) [33, 34].
This can be combined with the detection of intra-cellular
cytokines. T cells that produce several cytokines at the same
time, the so-called polyfunctional T cells, have been associ-
ated with protection after vaccination and with favorable
clinical outcome in various pathogen-related conditions
[35]. A correlation with anti-tumor protection, however,
has still to be determined. Nevertheless, polyfunctional T
cells not only produce several cytokines which could reflect
advanced effector function, but these cytokines, particularly
IFN-y, are also produced in enhanced amounts at the single-
cell level [35].
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ICS is mainly used when the exact epitopes and/or the
MHC restriction are not identified (e.g., when using over-
lapping (long) peptides for T-cell screening), and for assess-
ment of CD4* T-cell responses [36, 37]. It is an elaborate
assay, and each step should be carried out carefully in order
to deliver optimal results. Cell treatment (thawing, antigen
stimulation, and staining), mAb combinations, and analysis,
need to be optimized in each laboratory. For the identifica-
tion of low T-cell responses in particular, it is important
to keep the background cytokine/marker production in the
unstimulated control condition as low as possible. This back-
ground varies between cytokines and is generally enhanced
when cells have been cultured, but is optimally in the range
of approx. 0.01-0.04% (within CD4*/CD8" subsets), hence
greater than that of pMHC multimers. Standardized pro-
tocols are available [38, 39] and parameters important for
performance have been identified in inter-laboratory testing
exercises [21-23].

There are two intrinsic limitations to the ICS assay. First,
the duration of the antigen stimulation is restricted. To ena-
ble intra-cellular staining of accumulated cytokines, cells are
treated with protein transport inhibitors. Such inhibitors are
toxic and should generally not be added for more than 12 h
[33, 38]. This time frame needs to be accommodated to the
kinetics of production for the various cytokines that are to be
detected [10]. To circumvent this problem, one possibility is
to first add the stimulus, and several hours later the inhibi-
tors [40]. Second, the detection of intra-cellular structures
requires the permeabilization and fixation of the cells. As a
consequence, the cells cannot be used for live cell sorting
and/or recovered for further in vitro culture. Finally, it is
important to note that the combination of pMHC multimer
staining and ICS is not possible, since antigenic stimulation
triggers the rapid downregulation of the TCR, precluding
multimer binding on cytokine* T cells.

The mICAM-1 assay: immediate structural
changes indicate T-cell function

The execution of CD8" T-cell effector responses requires
strong adhesion to target cells (e.g., cancer cells), formation
of an efficient immunological synapse and finally, killing
of the target cells [41, 42]. Adhesion is mediated by acti-
vation of P,-integrins such as LFA-1 (heterodimer CD11a/
CD18), which are expressed at high levels on circulating
antigen-experienced T lymphocytes [43], but are maintained
in an inactive state [44]. Following binding of the TCR to
its specific antigen presented on target cell MHC molecules,
integrin activation occurs within seconds by means of a
process known as “inside-out” signaling. This leads both
to an affinity increase and to clustering of membrane-bound
integrins [45, 46]. Because the integrins do not need to be

synthesized de novo, this signaled adhesion response is very
fast and allows binding to their ligands ICAM-1 (i.e., CD54),
formation of the immunological synapse, a polarized release
of secretory vesicles including cytokines, chemokines and
lytic factors, and thereby effective cell killing.

As discussed above, different methods are being used for
assessing antigen-specific T cells and the choice of one or
several of these for routine application in a particular labora-
tory will depend on the information sought for, and often on
the experience and the technical environment of the team.
If the exact antigens are known, in particular for CD8* T
cells, read-out with pMHC multimers will allow a very
robust assessment of low-frequency T cells, irrespective of
their functionality. On the one hand, it means that function-
ally defective cells could be detected [31], but on the other
hand, if effector cells do produce TNF, but not IFN-y, they
could be missed by IFN-y ELISpot, but prove detectable
with appropriate pMHC multimers, as we recently observed
[37]. We have now introduced a new assay which identifies
antigen-specific CD8* T cells by specifically detecting acti-
vated integrin molecules with fluorescent ICAM-1 [47]. The
principle of this assay is depicted in Fig. 1, and relies on
the interaction of activated LFA-1 with its ligand ICAM-1,
which occurs rapidly during T-cell activation. The affinity
of activated LFA-1 for monomeric ICAM-1 (K;=0.5 uM)
[48] is within the affinity range of the TCR for a mono-
meric pMHC (K;=0.1-400 uM) [49], and weaker than the
nanomolar affinity of an antibody for its antigen. In addi-
tion, the interaction LFA-1/ICAM-1 lasts a few seconds
(t;p=In2/ky=~7Ts) [48], and is in the same range as that of
TCR/pMHC (0.5 to approx. 30 s) [49, 50]. Therefore, to sta-
bly detect the activated integrins, pre-assembled multimeric
ICAM-1 (mICAM-1) with higher avidity had to be used.
These multimers can be produced by pre-incubating recom-
binant ICAM-1-Fc molecules with fluorescent polyclonal
anti-Fc antibodies, and used in FCM [51]. After carefully
optimizing the multimer production and the staining condi-
tions, we showed that the method is suitable for the detection
of antigen-specific CD8™ T cells against a range of antigens
(e.g., CMV, HIV, EBYV, Flu, and YFV) and for various cell
preparations (whole blood, fresh and frozen/thawed PBMCs,
and in vitro expanded T cells) [47]. We also used the assay
to detect tumor antigen-specific CD8* T cells from prostate
carcinoma patients who had received a multi-peptide vaccine;
hence, mICAM-1 binding can also be used to measure tumor
antigen-specific T cells [47]. Compared with previous meth-
ods for assessing functional antigen-specific CD8" T cells,
our assay detects changes in the avidity of surface integrins
rather than de novo production of (intra-cellular) proteins.
This produces clear benefits, including the short activation
time (typically only a few minutes when using short peptides,
i.e., exact epitopes, as stimuli, and slightly longer—approx.
30 min—when using overlapping 15 mers), and the simplicity
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Fig.1 Assessment of adhesion as a T-cell monitoring tool. a Prin-
ciple of the assay: following T-cell receptor-mediated stimulation,
integrin activation occurs within seconds through a process known
as “inside-out” signaling which leads to an affinity increase and a
clustering of membrane-bound integrins. Fluorescent intercellular
adhesion molecule multimers (mICAM-1) bind specifically to acti-
vate 3, integrins and can be used in flow cytometry for fast monitor-

of the staining procedure. The assessment of integrin activa-
tion can be combined with other staining reagents to derive
detailed information about antigen-specific T cells, such as
pMHC multimers, as well as surface and intra-cellular mark-
ers. The short stimulation time would not allow a significant
change in the expression of these factors, which is the case
for the long incubation time required to detect cytokines.
Hence, the assay is likely to nearly reflect the in vivo situa-
tion. Significantly, we showed that (1) while the two assays
correlate very tightly, only a fraction of pMHC-tetramer posi-
tive cells also bind mICAM multimers after antigen-specific
stimulation, (2) mICAM-1 staining highly correlated with
cytokine production (IFN-y and TNF) and CD107a upregula-
tion, (3) mICAM-1 binding correlates very well with perforin
and granzyme B expression, and 4) CD8* T cells that bind
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CD8

ing and isolation of antigen-specific T cells. b Example of mICAM-1
(1.56 pg/ml) staining after 5 min activation of the blood of an HLA-
A2* CMV seropositive healthy donor in the absence (left) or pres-
ence (right) of the synthetic peptide NLVPMVATV (pp65-derived,
HLA-A2 binding immunodominant epitope of CMV) at 4 pg/
ml. Cells were stained with mICAM-1 PE, CD8 BV605, and CD3
BV510; dot plots are gated on CD3*CD8* lymphocytes

mICAM-1 after antigen stimulation can be found in both the
effector and memory subsets. Based on these observations,
we concluded that activated integrins represent a very early
marker that identifies functional (very likely cytotoxic) CD8*
T cells. mICAM-1 staining could be used not only for detec-
tion of antigen-specific cells, but also to address the effects
of certain substances, or (immune) cell subsets, on T-cell
function. For example, we recently used the assay for assess-
ing the impact of Gag-coupled receptor agonists and sleep on
T-cell function [52]. In addition, one attractive asset of the
mICAM assay is that it preserves cell viability and cytokine
production, allowing fast and easy isolation of functional
cells [47].

The main characteristics of the mICAM assay are com-
pared to those of established methods in Table 1. The
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background staining, i.e., the staining in the unstimulated
control condition, is approx. 0.01-0.04% in our hands, hence
comparable to that of the ICS assay. Some individuals show
an increased background staining, particularly when using
frozen/thawed cells, but the overall signal-to-noise ratio can
be optimized. The mICAM-1 reagent is stable for months
when kept at 4 °C; however, the background staining slightly
increases when stored for more than a month under this con-
dition. This can be prevented by freezing the multimers at
— 80 °C (all unpublished data). For CD8" T cells, the combi-
nation of pMHC multimers and mICAM-1 staining is perfect
for a fast, high-sensitivity assessment of total and functional
numbers of antigen-specific T cells of interest.

Conclusion and perspectives

There is more than ever a major interest in the assessment
of immune cells, and in particular T cells, in cancer immu-
notherapies, and in pathogen-driven diseases. A number
of assays are available to monitor antigen-specific T cells.
Since none of these assays alone is able to capture the entire
range of T-cell properties and functions, the best option is
probably to combine two complementary tests, especially
when monitoring clinical studies. Assessment of conforma-
tion changes in adhesion molecules on T cells can be spe-
cifically detected with ICAM-1 multimers and exploited for
rapid identification of functional T cells. The method could
be useful for monitoring T-cell immunity in health and dis-
ease, after vaccination, or during various immunotherapies.
Because it preserves cell viability and functionality, it might
also evolve as a precious tool to isolate highly functional
CD8* T lymphocytes for further gene expression or protein
analysis, as well as for adoptive transfer strategies. Presum-
ably, mICAM-1* antigen-specific CD8" T cells with their
strong functional capacity, ensure protective immunity and
thus can be used as correlates of protection. This, however,
still needs to be evaluated. In the next step, we are planning
to validate the assay and to implement it as an exploratory
monitoring tool in the context of an upcoming multi-pep-
tide-based vaccination trial for glioma patients.
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